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Freeform/Key Words: anti-PIT-1 antibody syndrome, hypopituitarism, hypophysitis, HLA class I, cytotoxic T cells Anti-pituitary-specific transcriptional factor-1 (anti-PIT-1, also known as POU1F1) antibody syndrome is a recently established clinical entity that leads to hypopituitarism caused by autoimmunity to PIT-1 [1, 2] . This syndrome is characterized by acquired and specific defect in growth hormone (GH), prolactin (PRL), and TSH. PIT-1 plays an essential role in the differentiation of somatotrophs, lactotrophs, and thyrotrophs in the anterior pituitary and regulates the expression of GH, PRL, and TSH. Recently, it has been reported that breakdown of immune tolerance toward PIT-1 is caused by aberrant expression of PIT-1 protein in the thymoma [3] . In addition, circulating PIT-1-reactive cytotoxic T lymphocytes (CTLs) were detected in patients with anti-PIT-1 antibody syndrome, and the infiltration of these cells was observed in the pituitary, indicating that CTLs play a pivotal role in the development of the syndrome [4] . However, it remains unclear whether PIT-1 antigen is presented on anterior pituitary cells and how CTLs recognize these antigens.
CTLs exert their cytotoxicity by recognizing the peptides presented by major histocompatibility complex (MHC)/HLA class I molecules. MHC/HLA class I molecules are expressed on most tissues and in the pituitary [5] . Various autoimmune diseases, such as type 1 diabetes [6] and alopecia areata, an autoimmune hair loss disease [7] , are considered to be caused by CTLs. CTLs express CD8, which is crucial for recognizing peptide-MHC/HLA class I complexes [8] . In the target cells, proteins are processed, and antigenic peptides are produced through the proteasome pathway [9] . Next, the generated peptides translocate into the lumen of the endoplasmic reticulum (ER), where MHC class I molecules are bound with peptide at their peptide-binding groove. These peptide-MHC class I complexes are recruited by cargo vesicles for transport to the plasma membrane thorough the Golgi apparatus [8, 9] .
In this study, we investigated the antigen processing of PIT-1 and the presence of PIT-1 epitopes with MHC/HLA class I in anterior pituitary cells, which are important for elucidating the pathogenesis of anti-PIT-1 antibody syndrome. We also examined whether PIT-1 presentation was patient specific or not.
Materials and Methods

A. Patient
This study was approved by the ethics committee of Kobe University Graduate School of Medicine. All methods were performed in accordance with the guidelines. We recruited a patient with anti-PIT-1 antibody syndrome (case 1) [2] . The patient provided written informed consent for the experiment.
B. Culture of Cell Line and Induced Pluripotent Stem Cell-Derived Pituitary Cells
GH3 cells, a PIT-1-expressing rat pituitary tumor cell line, were obtained from the American Type Culture Collection (Manassas, VA). The cells were maintained in DMEM (Sigma, St. Louis, MO) containing 10% fetal calf serum. Patient-derived induced pluripotent stem cells (iPSCs) (AP01) were obtained from RIKEN Center for Biosystems Dynamics Research (Kobe, Japan), and control-derived iPSCs (201B7; cell ID HPS0063 [10] and 409B2; cell ID HPS0076 [11] ) were purchased from RIKEN BioResource Research Center by Department of iPS cell Applications, Graduate School of Medicine, Kobe University, and were transferred. To generate patient-derived iPSCs, OCT3/4, SOX2, KLF4, L-MYC, LIN28, EBNA1, and mp53DD were transduced in peripheral blood leukocytes using episomal vectors as previously described [12] . The iPSCs were maintained on mitomycin C-treated SNL feeder cells [13] in DMEM/F12 (D6421; Sigma) supplemented with 20% (v/v) knockout serum replacement (KSR) (lot no. 1848845; Invitrogen, Lafayette, CO); 0.1 mM nonessential amino acids (M7154; Sigma); 2 mM L-glutamine, 5 ng/mL recombinant human basic FGF (064-04543; Wako, Tokyo, Japan); and 0.1 mM 2-mercaptoethanol under an atmosphere of 2% CO 2 . Induction of pituitary tissue was performed as previously described with some modifications [14] . In brief, iPSCs were dissociated into single cells with Accutase (Nacalai Tesque, Kyoto, Japan). Next, 10,000 cells were plated on each well of a 96-well, V-bottom, low-attachment plate (Sumitomo Bakelite, Tokyo, Japan) in growth factor-free, chemically defined medium [11] supplemented with 10% (v/v) KSR and 10 mM of the Rho-associated kinase inhibitor Y-27632 (034-24024; Wako). At day 6, 5 nM of BMP-4 (R&D Systems, Minneapolis, MN) and 2 mM of SAG (Cayman Chemical, Ann Arbor, MI) were added to the medium. At day 18, BMP-4 was withdrawn from the medium, and the aggregates were maintained under high O 2 condition (40%). At day 30, aggregates were cultured in growth factor-free, chemically defined medium supplemented with 20% (v/v) KSR. These aggregates became LHX3-positive pituitary progenitor cells and differentiated into pituitary hormone-producing cells after 100 days of culture.
C. Immunofluorescence Staining
Immunofluorescence staining was performed on a 24-well dish. Fixation, permeabilization, and blocking were performed using an Image-iT™ Fixation/Permeabilization kit (Cat. # R37602; Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. The following primary antibodies used were: rabbit polyclonal anti-PIT-1 antibody (X-7; Santa Cruz Biotechnology, 
D. Proximity Ligation Assay
Proximity ligation assay (PLA) was performed using a Duolink in situ PLA kit (Cat. # DUO92014; Sigma Aldrich, St. Louis, MO). Briefly, after permeabilization and blocking, tissues were incubated with primary antibodies. After washing, PLA probe solution (anti-rabbit plus [25], anti-rabbit minus [26], anti-mouse plus [27] , and anti-mouse minus [28]) was added to the tissues, which were then incubated for 60 minutes at 37°C. After the PLA probe solution was removed, ligation and amplification were performed per the manufacturer's instructions.
E. Microscopy
All images were obtained using a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan)
[29] or a confocal microscope system (LSM 700; Carl Zeiss, Jena, Germany) [30] . The images were then reconstructed using advanced analysis software (BZ-H3A, Keyence [31]; Zen Lite, Carl Zeiss [32]).
F. Statistical Analysis
All analyses were performed using the JMP Statistical Database Software version 14.0.0 (SAS Institute, Cary, NC). Analyses were performed by three independent experiments.
Comparison of PLA results between the patient and control groups was performed using the nonparametric Kruskal-Wallis test. Significance level was set at P , 0.05.
Results
A. PIT-1 Immunoreactivity Was Detected in the Nucleus and Cytosol of GH3 Cells
Detailed intracellular localization of PIT-1 protein was examined by immunofluorescence staining using anti-PIT-1 antibody [15], which recognizes whole protein of anti-PIT-1 and serum of patients with anti-PIT-1 antibody syndrome [2] . It has been shown that anti-PIT-1 antibody in serum exclusively recognizes PIT-1 protein, as analyzed by immunoblotting analysis using preabsorption test [2] . GH3 is a cell line derived from rat pituitary adenoma, and it expresses GH, PRL, and PIT-1 [33] . Anti-PIT-1 antibody was mainly localized in the nucleus (Fig. 1A) , which is consistent with the fact that PIT-1 is a transcription factor. It was also detected in the cytosol and/or membrane, showing spotted signals. Immunofluorescence staining on a patient's serum [2] showed similar results, with a part of the signals merged with the spot detected as anti-PIT-1 antibody [15] . In contrast, control serum did not show any signals (Fig. 1B) .
To examine the specificity of the serum samples, we performed an antigen absorption test using rhPIT-1 protein. After preincubation of serum with rhPIT-1, both the nuclear signal and the cytosolic/membrane signal disappeared (Fig. 1C ). These data indicated that patients' sera [2] specifically recognized PIT-1 protein, which was localized in the cytosol/membrane and nucleus of GH3 cells.
B. PIT-1 Protein Was Processed Through the MHC Class I Antigen Presentation Pathway in GH3 Cells
It has been shown that the antigenic peptides of peptide-MHC/HLA class I complexes are processed through the MHC class I antigen presentation pathway [8] . In this pathway, proteins are processed in the proteasome, and the generated peptides translocate into the ER ( Fig. 2A) . In the lumen of ER, the antigen peptides bind to the peptide-binding groove of MHC/ HLA class I molecules. The resulting peptide-MHC/HLA class I complexes are then recruited by cargo vesicles for transport to the plasma membrane thorough the Golgi apparatus ( Fig.  2A) [8] . The T cell receptor on CTLs recognizes peptide-MHC/HLA class I complexes in the plasma membrane and causes specific injury of the target cells.
To investigate whether PIT-1 protein is processed through the MHC class I antigen presentation pathway, we performed immunofluorescence double staining using antibodies against calnexin (ER marker) [16], GM130 (Golgi apparatus marker) [17] , and MHC class I molecules [18]. PIT-1 was colocalized with MHC class I molecules ( Fig. 2B and 2C) , calnexin (Fig. 2D ), and GM130 ( Fig. 2E ), indicating that PIT-1 protein was presented in both the ER and Golgi apparatus and that PIT-1 protein was processed through the MHC class I antigen presentation pathway.
C. PIT-1 Epitope Was Colocalized With MHC/HLA Class I on the Cell Surface of GH3 Cells and Human Anterior Pituitary Cells Derived From iPSCs
We analyzed whether PIT-1 epitope is presented by MHC/HLA class I molecules on the cell surface by PLA using GH3 cells and pituitary tissue derived from human iPSCs. PLA is a standard method used to detect the binding of HLA and peptide epitopes [34] . When the substrates linked to both antibodies come to close the distance for binding, bright spots are detected. PLA using anti-PIT-1 [15] and anti-MHC class I antibody [18] showed positive spots, indicating the presence of PIT-1 epitope on MHC class I molecules (Fig. 3A) . There was no signal detected when PLA was conducted using only either anti-PIT-1 [15] or anti-MHC class I antibody [18] ( Fig. 3B and 3C ) as negative controls, indicating the specificity of the signals. We next analyzed the human pituitary tissue differentiated from human iPSCs as previously described [14] . After 40 days of induction of pituitary differentiation, a key transcription factor of anterior pituitary cells, LHX3, was expressed on the outer layer of the cells, indicating the differentiation into oral ectoderm that is a precursor of anterior pituitary cells (Fig. 4A ) as previously described [14] . At day 100 of induction, PIT-1, GH (Fig.  4B) , and ACTH (Fig. 4C) were expressed on the same layer, indicating that these cells were differentiated into anterior pituitary cells. PLA results showed colocalized signals on the surface of PIT-1-positive cells (Fig. 4D and 4E) . The quantification analysis showed that the number of PIT-1/HLA class I complexes presented per PIT-1-expressing cells was not different between the control and patient iPSC-derived pituitary cells (Fig. 4F) . These data indicated that at least some PIT-1 epitopes were presented by MHC/HLA class I in pituitary cells and that quantitative abnormalities were not associated with the development of the syndrome.
Discussion
In anti-PIT-1 antibody syndrome, ectopic expression of PIT-1 in the thymoma causes the breakdown of immune tolerance to PIT-1, resulting in the production of PIT-1-reactive CTLs, which specifically injure anterior pituitary cells [2] [3] [4] . However, it remains unclear how CTLs recognize PIT-1 protein, considering that PIT-1 is a transcription factor and is supposed to be localized in the nucleus. It has been shown that all nucleated cells in the body display MHC class I molecules [5] . In general, self or nonself antigens derived from cytoplasmic or intranuclear sources are degraded by the proteasome into peptides and then presented by MHC class I molecules [35] . Considering the pathophysiology of anti-PIT-1 antibody syndrome, it is important to elucidate whether PIT-1 epitope is presented by MHC class I molecules on the cell surface and, if so, if this occurrence is patient specific. In this study, we showed that PIT-1 protein was processed through the MHC class I presentation pathway and that PIT-1 epitope was presented by MHC class I molecules on the cell surface of rat GH3 cells and human anterior pituitary cells derived from iPSCs. These data clearly indicate that PIT-1 is presented by MHC class I molecules in the anterior pituitary cells, which can be specifically recognized by CTLs.
Our present data indicated that endogenous PIT-1 was spontaneously processed through the MHC class I presentation pathway. The number of PIT-1/MHC class I complexes was comparable between patient and control iPSC-derived pituitary cells, indicating that their presentation was not patient specific, although quantitative abnormalities cannot be ruled out. These data also suggest that the PIT-1 presentation to specific CTLs is essentially involved in the development of the syndrome. The results of PLA showed a relatively low number of PIT-1/MHC class I complexes both in GH3 cells and iPSC-derived pituitary cells, which may not be enough for the activation of CTL. We speculate that this presentation was at a basal level and that the presentation may be enhanced if stimuli such as nonspecific inflammation occurred. Nonetheless, these data clearly indicate that PIT-1/MHC class I complexes are present at the surface of pituitary cells.
In general, the antigenicity of a peptide is restricted by a certain HLA type. For example, HLA-DQ2 and HLA-DR3 are commonly observed in Addison disease, myasthenia graves, and celiac disease [36] . Although there was no common HLA typing found among patients with anti-PIT-1 antibody syndrome [2] , a more detailed analysis may reveal a common HLA typing. It is also important to identify the precise epitopes in the PIT-1 protein, especially for CTLs, to clarify the detailed mechanisms.
It is unknown how CTLs activated by thymoma tissue migrate to pituitary tissue and attack these cells. The effector T cells (activated CTLs) generally circulate in the blood and recognize the site of inflammation that changes the condition of adhesion molecules [37] . Given that inflammation often takes place in the pituitary as hypophysitis, it is speculated that there may be an affinity for lymphocytes in the pituitary. It is also speculated that nonspecific inflammatory reaction in the pituitary may trigger the migration of CTLs.
The epitope of endogenous proteins, including transcription factors, is presented by MHC class I molecules in the anterior pituitary. These observations may explain the pathogenesis of other autoimmune pituitary diseases, such as isolated ACTH deficiency and autoimmune hypophysitis. It was reported that, in patients with isolated ACTH deficiency, infiltration of lymphocytes occurred in the anterior pituitary [38, 39] and anticorticotroph antibody was detected in the serum of the patients [40, 41] . A case of nivolumab-induced hypophysitis exhibiting isolated ACTH deficiency showed the DRB1*04:05-DQA1*03:03-DQB1*04:01 HLA haplotype, which was associated with susceptibility to autoimmune polyglandular syndrome with pituitary disorder [38] . It is speculated that if a specific epitope is presented in corticotroph, a portion of the pathogenesis of isolated ACTH deficiency may be explained by similar mechanisms as those of anti-PIT-1 antibody syndrome.
In summary, we showed that PIT-1 epitope is presented by HLA class I molecules on PIT-1-positive cells, supporting the hypothesis that anti-PIT-1 antibody is caused by PIT-1reactive CTLs through injury to specific cells. Although further investigation is necessary, these findings unveiled a mechanistic insight to autoimmune pituitary diseases.
